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Geometrical matching in remote in-tube shock compression by an unsteady jet 1 
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 3 

Abstract 4 

Based on the Riemann problem in compressible fluid dynamics, if the head of an unsteady jet acts as a physical piston for 5 

air compression, a higher-pressure field than that of the kinetic pressure from a steady jet can be generated. In this study, 6 

the pressure characteristics of this air compression method, referred to as “remote in-tube air compression,” were evaluated. 7 

The generated unsteady jet exhibited a high-pressure region in its central part that effectively acted as a physical piston 8 

(piston effect). Depending on the distance between the unsteady jet generator and a cylindrical test section, the overpressure 9 

inside the test section reached the maximum value when the cross-section of the jet head and the test section were matched. 10 

This matching condition was consistent with the in-tube pressure characteristics, thereby yielding an effective method for 11 

the remote generation of a high-pressure region using a simple device. 12 
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Djet effective jet-head diameter 17 

Dn nozzle inner diameter 18 

Dt test-section inner diameter 19 

Fjet compressing force of the unsteady jet 20 

Īeff effective momentum flux inside the test section 21 

Ījet momentum flux from jet 22 

Īleak momentum flux of the leakage flow 23 

L distance between unsteady jet generator and test section 24 

Lmax distance at maximum ΔpT1,peak 25 

LSW shock formation distance 26 

Δp overpressure, pressure increment from the atmospheric condition 27 

p1 initial absolute pressure 28 

p2 absolute pressure behind a shock wave 29 

ph absolute pressure inside the high-pressure reservoir 30 

ΔpT1,peak first peak overpressure at PT1 31 

D. Ichihara () · D. Moriyama · Y. Nakamura ·A. Sasoh 

Department of Aerospace Engineering, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-8603, Japan 

e-mail: daisuke.ichihara@mae.nagoya-u.ac.jp 

ORCID: 0000-0002-4249-9300 

D. Kuwabara 

Currently, NIPPON STEEL CORPORATION 

6-1, Marunouchi 2-chome, Chiyoda-ku, Tokyo 100-8071, Japan 

A. Iwakawa 

Currently, Pale Blue Inc. 

5-4-6 Kashiwanoha, Kashiwa-shi Chiba 277-0882 Japan 

mailto:daisuke.ichihara@mae.nagoya-u.ac.jp


2 

 

r, z cylindrical coordinates 32 

t time 33 

u flow velocity inside the test section 34 

up piston velocity 35 

ujet jet velocity 36 

ujet leakage flow velocity 37 

zmatch geometrical matching position 38 

Δzp piston moving distance 39 

ξ cross-section ratio 40 

ρ mass density inside the test section 41 

ρjet mass density of jet 42 

ρleak mass density of leakage flow 43 

τeff time duration for pressure rise at PT1 44 

τopen time duration of piston motion 45 

 46 

1. Introduction 47 

When a physical piston compresses in-tube static air, compression waves are generated, and the in-tube pressure 48 

increases. The compression waves are transformed into a shock wave after propagation over “shock formation” distances. 49 

In this case, the shock Mach number is dependent on the velocity field induced by the physical piston. Based on the same 50 

mechanism, a high-speed train generates compression waves that transform into shock waves ahead of the train, particularly 51 

in long tunnels [1]. When the shock wave is emitted at the tunnel exit, an impulsive sound referred to as a “tunnel sonic 52 

boom” is generated [2]. The train has a smaller effective cross-section than the tunnel, and this smaller cross-section results 53 

in a lower shock Mach number and overpressure behind the shock wave [3]. 54 

Moreover, an air-jet can generate an unsteady compression wave inside an open-end tube because the front of the jet acts 55 

as a physical piston, in a manner similar to the train. Kuwabara et al. demonstrated a significant pressure gain by emitting 56 

an air-jet apart from an unsteady jet generator that was set coaxially with respect to a cylindrical open-end tube [4]. This 57 

phenomenon is referred to as the “piston effect,” because the front part of the emitted jet acts as a physical piston. Based 58 

on this mechanism, an unsteady high-pressure field is generated at some distance from the unsteady jet generator. This 59 

“remote in-tube compression” mechanism is important in unsteady compressible fluid dynamics and is highly applicable 60 

as a local unsteady high-pressure-field generator. The expected pressure gain in atmospheric air (p1 = 101.3 × 103 Pa) at 61 

300 K can be estimated from compressible fluid dynamics theories [5]. The dynamic pressure p2 generated by a stationary 62 

jet with a flow velocity of 100 m/s is p2/p1 = 0.06. By contrast, an unsteady jet with the same flow velocity is expected to 63 

have a dynamic pressure of p2/p1 = 1.25 based on a solution of the Riemann problem [6]. Based on this estimate, the 64 

unsteady jet can generate a pressure gain that is higher than that of the stationary jet by a factor of greater than 20. 65 

However, no previous studies have systematically evaluated the pressure characteristics of remote in-tube compression. 66 

Therefore, the present study evaluated the relationship between the unsteady jet generated from a circular high-pressure 67 

chamber and the unsteady pressure field inside an open-end circular test section that was set coaxially with respect to the 68 

jet generator. The results indicated that the geometrical cross-section matching between the unsteady jet head and the inner 69 

diameter of the test section plays a critical role in maximizing the unsteady in-tube pressure gain. 70 
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2. Experimental apparatus and methods 71 

Figure 1(a) presents the experimental setup employed in this study. The test section was a circular tube with an inner 72 

diameter of Dt, thickness of 10 mm, and total length of 500 mm. In particular, the right end was closed using a flange (outer 73 

diameter: 180 mm; thickness: 15 mm), and the left end was open. An unsteady jet generator was placed toward the open 74 

end of the test section on the common axis; thus, the unsteady jet impinged against the quiescent air in the test section. The 75 

separation distance from the exit of the unsteady jet generator to the open end was designated by L. In the test section, five 76 

piezoelectric pressure transducers (rise time = 1 μs, range = 689.4 kPa, Model 113B27, PCB Piezotronics, Inc.) were flush-77 

mounted at 100 mm (PT1), 200 mm (PT2), 300 mm (PT3), and 400 mm (PT4) from the open end on the side wall and on 78 

the end flange (PT5). The pressure sensitivity and measurement resolution were 7.25 mV/kPa and 7.0×10-3 kPa, 79 

respectively. The sensitivity validation is described in Appendix. The figure shows the cylindrical coordinates (z, r), where 80 

z and r are the axial and radial coordinates, respectively, with their origin set at the center of the exit plane of the unsteady 81 

jet generator. 82 

 83 

 84 

Fig. 1 Schematic of experimental setup: (a) whole set up including the unsteady-jet generator and test section, (b) 85 
cross-section view of the unsteady-jet generator with air-driving circuit. 86 

 87 

Figure 1(b) presents a schematic of the unsteady jet generator. The generator contained a high-pressure air reservoir 88 

made of stainless steel (SUS304, ISO 4301-304-00-I), with an inner diameter of 111.5 mm and length of 53 mm. The time 89 

variation of the pressure in the reservoir ph was measured using a pressure transducer of the same type as that used in the 90 

test section. The sensor was flush-mounted on the end plate, and its radial position was 32 mm from the center axis. On the 91 

center axis, there was an open-ended cylinder with a diameter of 40 mm and length of 42 mm to guide the axial motion of 92 

the free piston. The outlet of the reservoir had a cylindrical nozzle with an inner diameter of Dn (20 mm or 30 mm) and a 93 

length of 30 mm. Prior to a process cycle, the outlet was plugged by the free piston with a truncated cone head with an 94 

apex diameter of 20 mm and a full apex angle of 59°. The free piston, made of Monomer casting nylon, had a mass of 59 95 
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± 3.0×10-4 g as measured by an electronic balance (AW320, Shimazu Corporation). The space behind the free piston acted 96 

as a subchamber in which the pressure was set independently from that in the high-pressure reservoir. For the experiment, 97 

the fill pressure was 700 kPa (absolute value). Two O-rings were set on the piston body to seal the gas in the sub-chamber 98 

while ensuring a smooth fit into the cylinder. The subchamber had an effective air slug length of 7.2 mm. 99 

To inject an unsteady jet, the high-pressure air charged in the subchamber was released by opening the solenoid valve. 100 

Figure 2 presents the time history of the velocity up and displacement zp of the piston motion that was calculated by the 101 

integration of up with respect to time. The piston velocity was measured using a photonic Doppler velocimeter [7]. An 102 

oscilloscope (WavePro 7100, Teledyne Corporation) with a sampling rate of 20 GHz and bandwidth of 1 GHz was used 103 

for data logging. Under these conditions, the maximum measurable velocity was a 776 m/s with a resolution of 3.9 × 10-2 104 

m/s. During the release of the high-pressure air in the subchamber, up gradually increased. When the piston arrived at the 105 

bottom end of the sub-chamber, up had a maximum value of 6.7 m/s, and decreased abruptly to -2.4 m/s because the piston 106 

rebounded against the end wall. The time history of up indicates that the piston opening time τopen was 1.8 ms. Furthermore, 107 

Fig. 2 presents the absolute pressure variations in the high-pressure reservoir ph. After the piston was completely opened, 108 

ph gradually decreased. When the piston was completely opened, ph decreased to 611 kPa, which was 87% of the initial 109 

condensation pressure. The Roman numbers in Fig. 2 represent the shutter timing of the shadowgraph images of the 110 

unsteady jet, as discussed in Section 3.2. 111 

 112 

 113 
Fig. 2 Time history of piston motion (velocity up indicated by blue line, and displacement Δzp indicated by red line) 114 
and ph. 115 

 116 

3. Results and discussion 117 

3.1. Unsteady jet characteristics 118 

First, the test section was removed, and the unsteady jet characteristics were evaluated. Figure 3 presents the 119 

shadowgraph images of an unsteady jet with Dn = 20 mm (left) and 30 mm (right), respectively. The frame interval was 0.3 120 

ms. Unlike an orifice-jet that has a constant diverging angle [8], the outer boundary (slip line) of the generated jet was 121 

rather parallel to its central axis for both values of Dn. However, as shown in frame (v), for Dn = 20 mm, the slip line of the 122 

jet gradually expanded from the exit plane of the jet generator, whereas for Dn = 30 mm, the jet had a smaller diameter than 123 

Dn at the exit plane and this diameter gradually reduced. These differences are attributed to the under- and overexpansion 124 

of the jet, respectively. A one-dimensional, isentropic expansion flow-field was assumed between the high-pressure 125 

chamber and the nozzle. When the piston was completely opened, the minimum cross-section (throat area) comprised the 126 

piston, the inner wall of the high-pressure chamber was 316 mm2, and ph was 611 kPa, as mentioned in Section 2. Based 127 
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on these values and assumptions, the exit area for optimum expansion should be 468 mm2 for correct expansion, which is 128 

equal to the area of a circular region with a diameter of 24 mm. Therefore, the nozzles with Dn = 20 mm and 30 mm 129 

exhibited under- and overexpansion, respectively. In particular, for Dn = 30 mm, the jet-head diameter was smaller than 130 

that of the nozzle, and the inner and the central parts of the jet oscillated at z > 50 mm. 131 

 132 

 133 
Fig. 3 Shadowgraph images of unsteady jet (background noise was eliminated by subtracting a base image, captured 134 
before the event, from an original image): Dn = 20 mm (left) and Dn = 30 mm (right). 135 

 136 

Figure 4 presents the time histories of the Pitot pressure (overpressure) on the central axis Δp(z,0), as obtained within 137 

the range of 50 mm ≤ z ≤ 200 mm. The pressure sensor position was set by using JIS (Japanese Industrial Standard) first-138 

class metal ruler with an uncertainty of ± 0.15 mm. The Roman numerals in Fig. 4 indicate each frame timing shown in 139 

Fig. 3. At each measurement point, the first overpressure peak, indicated by a black arrow, corresponds to the arrival of the 140 

jet front. Based on these timings, the propagation velocities were calculated by linear approximation as 164 ± 17 m/s (± 141 

10%) for Dn = 20 mm and 163 ± 23 m/s (± 14%) for Dn = 30 mm, respectively. 142 

 143 
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Fig. 4 Time history of Pitot pressure (overpressure) on central axis: (a) Dn = 20 mm and (b) Dn = 30 mm. 

 144 

Figure 5(a) presents the spatial variations of the peak value of the Pitot pressure on the central axis, Δp(z,0). To focus on 145 

the forefront pressure of the unsteady jet, the first peaks indicated by the black arrows in Figs. 4(a) and (b) were evaluated. 146 

The peak pressure were the same (Dn = 20 mm) or slightly increased with increasing z (Dn = 30 mm) in the 50 mm ≤ z ≤ 147 

100 mm range and then decreased with increasing z for z ≥ 100 mm for both values of Dn. For Dn = 20 mm, the peak 148 

overpressure abruptly decreased within the range of 150 mm < z < 250 mm. For z < 250 mm, smaller Dn values 149 

corresponded to higher peak overpressures. In particular, at z = 50 mm, the peak overpressures were 87 kPa and 95 kPa for 150 

Dn = 20 mm and 30 mm, respectively, whereas at z ≥ 250 mm, the peak overpressures for different Dn values converged. 151 

To estimate the effective diameter of the unsteady jet, the Pitot pressure was measured with respect to different radial 152 

positions up to r = 50 mm, as shown in Fig. 5 (b). The measured overpressure at a radial position r was normalized by the 153 

central value Δp(z,0). For the nozzle with Dn = 20 mm, a piston-like pressure distribution was observed at z < 200 mm, and 154 

the high-pressure region was distributed within r ≦ 10 mm, corresponding to Dn. For z > 200 mm, the pressure gradient in 155 

the radial direction was gradually mitigated, and a uniform distribution was observed in the wider region. For Dn = 30 mm, 156 

the high-pressure region was also within r ≦ 10 mm. However, within the range of 50 mm < z < 200 mm, the high-pressure 157 

region was expanded to r = 20 mm. 158 

 159 

 160 
Fig. 5 Spatial distributions of Pitot pressures (overpressure) with respect to different Dn values: (a) Δp(z,0) and (b) 161 
normalized Pitot pressure Δp(z,r)/Δp(z,0). 162 
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Based on the spatial distribution of the Pitot pressure (see Fig. 5 (b)) with linear interpolation, the effective diameter of 163 

the jet-head Djet and the compressing force Fjet were calculated as follows: 164 

 
( ) ( ) jet, 2 max , 2; 0mm 50mmp z D p z r r     . (1) 

 
( ) ( )

50mm

jet

0mm

2 ,

r

r

F z r p z r dr
=

=

  . (2) 

The values indicated by the black arrows in Figs. 4 (a) and (b) were used in Eqs. (1) and (2). The calculated Djet and Fjet 165 

are shown in Fig. 6. Based on the law of propagation of errors, the relative uncertainties of Djet and Fjet were less than 3.5% 166 

and 5.1%, respectively. At z ≤ 100 mm, Djet was not significantly dependent on Dn due to the similar pressure distribution 167 

(see Fig. 5(b)). Within the 200 mm ≦ z ≦ 350 mm range for Dn = 20 mm case, Djet increased rapidly to 100 mm, and 168 

saturated at z > 350 mm. For Dn = 30 mm case, Djet showed an apparent plateau in the 150 mm ≤ z ≤ 250 mm region 169 

because the pressure sensor head had a diameter of 5 mm and the spatial variation of the overpressure within this scale 170 

cannot be resolved. Moreover, Fjet exhibited a similar dependence on z, regardless of Dn: for 50 mm ≤ z ≤ 100 mm, Fjet 171 

increased slightly and then decreased with increasing z. For 100 mm ≦ z ≦ 300 mm, Fjet decreased sharply. For z > 300 172 

mm, Fjet converged to 14 ± 2.7 N and 7.5 ± 0.9 N for Dn = 20 mm and 30 mm, respectively. 173 

 174 

 175 
Fig. 6 Spatial distribution of Djet and Fjet with respect to different Dn values. 176 

 177 

3.2. Characteristics of pressure profiles inside test section 178 

Figure 7 presents an example of the overpressure time histories measured inside the test section for Dn = 20 mm, Dt = 179 

30 mm, and L = 200 mm. For each pressure history measured by the pressure transducers flush-mounted on the inner wall 180 

of the tube (from PT1–PT4), two pressure jumps were observed. The first jump indicated by the black arrow was due to 181 

the compression waves or a shock wave driven by the unsteady jet [4]. Prior to the first jump, the overpressure gradually 182 

increased because the jet formation was not fully developed during the opening period of the piston. In particular, the mass 183 

flow rate and momentum flux of the jet were small. The second jump corresponded to the shock wave reflected from the 184 
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end wall of the test section. Based on the wave diagram tracing the first pressure peaks, the propagation velocity of the 185 

compression/shock wave was calculated as 480 m/s. In the test section, the durations of the first peak for PT1–PT4 were 186 

224, 64, 58, and 20 s, respectively, showing a gradual decrease. Here, we defined the initial rise time, indicated by the 187 

black point, as 10% of the first peak pressure. Therefore, the transition to a shock wave was observed. Through the 188 

extrapolation of the streamline of the jet-front and that of the fist peak to z = L (test section inlet), the effective duration for 189 

the first overpressure jump at PT1, namely, τeff, was estimated as 0.3 ms, which was 16% of τopen. Given that the propagation 190 

time from the test section inlet to the pressure sensor PT1 (z = L + 100 mm) at sonic speed was 0.3 ms, it was found that 191 

inside the test section, the jet-front propagated with the sonic speed and only the first part of the jet influenced the first 192 

overpressure jump. 193 

 194 

Fig. 7 Time histories of pressure inside test section: Dn = 20 mm, Dt = 30 mm, and L = 200 mm. 195 
 196 

Figures 8(a) and (b) present the variations of the first peak overpressure at PT1 (indicated by the arrow at PT1 in Fig. 7), 197 

namely, ΔpT1,peak, with respect to different values of Dt. Under each condition, five cycles were conducted. The symbols 198 

indicate that the average value and length of the error bars were two times the standard deviation (2σ). For Dn = 20 mm 199 

(see Fig. 8(a)), ΔpT1,peak had a maximum value within 150 mm < L < 350 mm. The L value for the maximum was dependent 200 

on Dt. For Dt = 20–40 mm, the ΔpT1,peak values were higher than those for Dt = 60–90 mm. For L = 200 mm, ΔpT1,peak were 201 

74, 72, 66, 38, 35, and 24 kPa for Dt = 20, 30, 40, 60, 75, and 90 mm, respectively. For L > 250 mm, ΔpT1,peak decreased, 202 

and for L = 500 mm, ΔpT1,peak was lower than 20 kPa for all Dt values. However, these pressure characteristics were not 203 

clearly observed for Dn = 30 mm due to the jet oscillation [9] (see Fig. 3 right). For Dt = 20 mm, ΔpT1,peak was the highest 204 

for L = 50 mm. Then, an overall monotonic decrease in ΔpT1,peak with respect to L was observed. For the other Dt values, 205 

ΔpT1,peak exhibited a maximum value within the 250 mm < L < 300 mm range. 206 

 207 

  

Fig. 8 Peak pressure profile with respect to Dt: (a) Dn = 20 mm and (b) Dn = 30 mm. 
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3.3. Matching between jet and tube projections 208 

As shown in Fig. 8(a), ΔpT1,peak increased and exhibited a maximum value, and then decreased gradually with increasing 209 

L, particularly for Dn = 20 mm. The in-tube overpressure characteristics can be explained qualitatively based on the cross-210 

section matching between the jet head and the test section. Figure 10(a) presents the spatial distribution of (Dt/Djet)2 with 211 

respect to different Dt values for Dn = 20 mm. The relative uncertainty of (Dt/Djet)2 was less than 7%. For Dt = 20 mm and 212 

30 mm, the unsteady jet exhibited an almost equal or larger cross-section than that of the test section; namely, (Dt/Djet)2 ≤ 213 

1.0 for all z values. From Dt = 40–90 mm, (Dt/Djet)2 > 1.0 at z = 50 mm and decreased with increasing z. For z = 500 mm, 214 

(Dt/Djet)2 ≤ 1.0, regardless of Dt. The axial position zmatch, where Djet = Dt, was calculated by linear interpolation of the 215 

(Dt/Djet)2 profile. Table 1 presents zmatch with respect to different Dt values for Dn = 20 mm. The axial position Lmax, where 216 

ΔpT1,peak achieved the maximum value with respect to different L values (see Fig. 8 (a)), was also summarized. Because 217 

(Dt/Djet)2 ≤ 1.0 in all z for Dt = 20 mm and 30 mm cases, zmatch cannot be defined. For Dt ≥ 40 mm cases, Lmax values were 218 

similar to those of zmatch. 219 

 220 

 221 
Fig. 9 Spatial distribution of the cross-section ratio (Dt/Djet)2 with respect to different Dt values for Dn = 20 mm. 222 
 223 

Table 1 Lmax and zmatch with respect to different Dt values for Dn = 20 mm. 224 

Dt zmatch Lmax 

mm mm Mm 

20 - 150 

30 - 150 

40 219 200 

60 264 250 

75 297 300 

90 341 350 

 225 

The in-tube overpressure depends on effective momentum flux Īeff at PT1 defined as 226 
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The symbol where ρ and u are the mass density and flow velocity inside the test section, respectively. The upper bar means 227 

cross-sectional averaged value. The incident jet momentum can be described as 228 
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Here, ρjet and ujet are the mass density and velocity of the jet head, respectively. A schematic illustration of Īeff with different 229 
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cross-section ratios (Dt/Djet)2 is shown in Fig. 10. When (Dt/Djet)2 > 1.0 (see Fig. 10 (a)), a central part of the test section (r 230 

≤ Djet /2) is compressed by the jet momentum and the momentum leakage Īleak appears around the jet boundary (Djet/2 < r 231 

≤ Dt/2) as described in Ref. 3. Therefore, Īeff can be described as 232 
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(5) 

 

Here, ρleak and uleak are mass density and velocity of the leakage flow, respectively. By defining Īleak as 233 

 
( ) ( )

t t

jet jet

2 2

2

leak leak leak

2 2

2 2

r D r D

r D r D

I r u r rdr rdr  

= =

= =

 −   . (6) 

Īeff can be formulated as 234 

 
( ) ( )( )2 2

eff jet jet t leak jet t1I I D D I D D − − . (7) 

When (Dt/Djet)2 = 1.0 (see Fig. 10 (b)), the second term in Eq. (7) is zero and the jet momentum fully contributes to in-tube 235 

air compression, Ījet = Īeff. When (Dt/Djet)2 < 1.0 (see Fig. 10 (c)), only a central part of the jet contributes to the air 236 

compression depending on the cross-section ratio. Therefore, the effective momentum flux should be Īeff = Ījet(Dt/Djet)2. 237 

Therefore, the effective momentum flux inside the test section is maximum when (Dt/Djet)2 = 1.0, namely for Djet = Dt. 238 

 239 

 240 
Fig. 10 Schematic of the effective momentum flux Īeff inside the test section with different cross section ratios, (a) 241 
(Dt/Djet)2 > 1.0, (b) (Dt/Djet)2 = 1.0, and (c) (Dt/Djet)2 < 1.0. 242 

 243 
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3.4. Effective unsteady jet momentum for remote in-tube shock formation 244 

Because Ījet ≈ Fjet/(¼πD2
jet), for (Dt/Djet)2 ≤ 1.0 (see Fig. 10 (b) and (c)) Īeff can be represented as Īeff ≈ Fjetξ/(¼πD2

t) with 245 

ξ ≡ min {(Dt/Djet)2, 1.0}. Figure 12 presents Fjetξ/(¼πD2
t) with different Dt values for Dn = 20 mm case. For z > 150 mm, 246 

Fjetξ/(¼πD2
t) decreased rapidly which was consistent with the ΔpT1,peek variation with respect to L for Dt = 20 mm and 30 247 

mm cases (see Fig. 8 (a)). Assuming that the in-tube momentum from the unsteady jet is conserved, the incident local 248 

compression waves gradually merged and transformed to a normal shock wave so that the air inside the test section is 249 

compressed uniformly (see Fig. 7). At L = 200 mm, where Djet = 30 mm, the shock formation distance LSW from the test 250 

section inlet was calculated from LSW = a0 / (c - a0) a0τeff [5]. Here, a0 and c are the speed of sound (= 343 m/s) and the 251 

characteristic velocity estimated from time history of pressure transducers (see Fig. 7). The calculated LSW is shown in Fig. 252 

12. When (Dt/Djet)2 ≤ 1.0 (Dt = 20 mm and 30 mm), LSW shows similar values of 335 mm and 353 mm for Dt = 20 mm and 253 

30 mm, respectively, because the effective compression pressure Fjetξ/(¼πD2
t) is same (= 68.8 kPa, see Fig. 11). Whereas 254 

for (Dt/Djet)2 > 1.0 (Dt = 40, 60, 75, and 90 mm), LSW increased with increasing (Dt/Djet)2 because Fjetξ/(¼πD2
t) decreased. 255 

Therefore, remote in-tube compressible flow field and corresponding overpressure were successfully characterized by 256 

(Dt/Djet)2 and Fjetξ/(¼πD2
t).  257 

 258 

 259 

Fig. 11 Special distribution of an effective compression pressure Fjetξ/(¼πD2
t) for different Dt values with Dn = 20 260 

mm. 261 
 262 

 263 

Fig. 12 Shock formation distance from the test section inlet LSW with different Dt values for Dn = 20 mm, L = 200 264 
mm and Djet = 30 mm. 265 

 266 

4. Conclusions 267 

In this study, a high-pressure field was remotely generated inside a cylindrical test section by using an unsteady jet with 268 
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two different nozzle diameters. For both nozzle diameters, the jet exhibited a high-pressure region only in its central part, 269 

particularly within 200 mm from the nozzle exit plane. This high-pressure region acted as a physical piston (piston effect) 270 

and compressed the air in the test section. The effective jet-head diameter increased rapidly within the 200 mm < z < 350 271 

mm region. Due to this diameter expansion, the peak overpressure of the test section exhibited a maximum value with 272 

respect to the changes in the distance between the generator and the test section. When the cross-section of the jet and the 273 

test section were matched, the peak overpressure exhibited the maximum value. The cross-section of the test section was 274 

larger, and the distance required to satisfy the matching was longer. The presented matching characteristics successfully 275 

explain the in-tube pressure characteristics and provide an effective method for the remote generation of a high-pressure 276 

region. 277 
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 281 

Appendix 282 

The pressure sensitivity validation of piezoelectric pressure transducers (Model 113B27, PCB Piezotronics, Inc.) that 283 

were used in this study was conducted through a shock tube experiment. The details of shock tube apparatus have been 284 

described in our previous work [10]. The pressure sensors were located every 50 mm in the test section. When the driver 285 

and driven pressure were set to 93.3 kPa and 39.6 kPa, respectively, the shock Mach number was calculated as 1.18 by 286 

applying the time-of-flight method for pressure sensor signals. The measured overpressure behind the normal shock wave 287 

was 58.2 ± 0.013 kPa for five shot average. The theoretical overpressure estimated from the measured shock Mach 288 

number was 58.6 kPa, implying that the nominal pressure sensitivity is correct within a relative uncertainty of 0.7%. Thus, 289 

the pressure measurement is reliable with regard to both sensitivity and repeatability. 290 

 291 
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